Zero-additional-phase spectral phase interferometry for direct electric field reconstruction (ZAP-SPIDER) is a novel technique for measuring the temporal shape and phase of ultrashort optical pulses directly at the interaction point of a spectroscopic experiment. The scheme is suitable for an extremely wide wavelength region from the ultraviolet to the near infrared. We present a comprehensive description of the experimental setup and design guidelines to effectively apply the technique to various wavelengths and pulse durations. The calibration of the setup and procedures to check the consistency of the measurement are discussed in detail. We show experimental data for various center wavelengths and pulse durations down to 7 fs to verify the applicability to a wide range of pulse parameters.
INTRODUCTION AND OVERVIEW
Ultrashort optical pulses at various wavelengths and repetition rates [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] push forward many kinds of spectroscopic experiments by providing the highest time resolution at the significant absorption and emission bands of the sample. A general aspect of ultrashort pulse generation is the need for a careful management of higher-order chirp. For understanding and controlling the temporal structure of the pulses, a full and unambiguous characterization of amplitude and phase is essential.
To date, the two most widespread methods to characterize extremely short pulses are frequency-resolved optical gating 11 (FROG) and spectral phase interferometry for direct electric field reconstruction 12, 13 (SPIDER). Both were successfully used to characterize ultrashort pulses around 800 nm [14] [15] [16] [17] [18] and in the visible. [19] [20] [21] In the UV, however, the standard variants of both methods are not applicable owing to the lack of nonlinear crystals that can be phase matched in the UV. Cross correlations between the UV pulse and an equally short and well-characterized reference pulse are therefore still widely used despite the indirect nature of the method. 4, 5 In a self-diffraction FROG variant, ultrashort pulses at 270 nm were characterized by cross correlation of different spatial parts of the beam. 8 Blue pulses at 410 nm were measured with a difference-frequency-mixing variant of SPIDER. 22 Unfortunately, a shared characteristic of all commonly used FROG variants 11 and SPIDER is that two replicas of the pulse have to be generated. Therefore the pulses are not characterized at the experimental interaction point because additional phase is introduced through the material dispersion or coating of the beam splitter and because of the dispersion of air if the spectroscopic experiment is located a different distance downstream from the pulse source.
The zero-additional-phase variant of SPIDER 23 (ZAP-SPIDER) solves these issues: A ZAP-SPIDER setup can be constructed around a spectroscopic experiment for in situ measurement, and the pulse characterization is performed directly at the point of a spectroscopic interaction. ZAP-SPIDER is suitable for an extremely wide range of center wavelengths, including the UV spectral region, and is appropriate to characterize the shortest light pulses available so far. Its feasibility has been demonstrated in a first report, 23 and it has recently been used for the measurement of 7.1 fs UV pulses. 6 In this contribution we review the basic ideas used in ZAP-SPIDER (Section 2) and supply the essential information to construct a ZAP-SPIDER setup (Sections 3 and 4). In Section 5 it is shown that the necessary calibration can be performed without extra equipment, and Section 6 discusses the day-to-day operation. A comparison with high-quality autocorrelation measurements is reported in Section 7, and the operation for UV pulses is described in Section 8. Finally, in Section 9 consistency checks are used to further validate our implementation of ZAP-SPIDER. The paper is concluded with a discussion of the advantages of the new method.
PRINCIPLE OF ZAP-SPIDER
The idea of spectral shearing interferometry 24 is to record the spectral interference between a pair of temporally delayed pulses that are spectrally sheared, i.e., spectrally shifted with respect to each other. The experimental implementation, SPIDER, 12, 13 has proven to be most useful and appropriate to measure the shortest near-infrared and visible pulses. 16, 20, 21 Advantages over other selfreferencing schemes include a natural robustness to bandwidth effects, 15 the real-time and single-shot capability, 25, 26 and the direct and unambiguous data evaluation algorithm. 13 SPIDER is insensitive to noise 27 and incorporates no moving component. For characterizing pulses with spectral shearing interferometry at an experimental interaction point, the essential task is to generate two spectrally sheared replicas from a single pulse in situ, i.e., without introducing additional phase. ZAP-SPIDER, a novel version of the wellknown SPIDER, is able to perform this task. The principle of ZAP-SPIDER is shown in Fig. 1 ; a more detailed outline of the experimental setup will be given below. The pulse to be characterized (unknown pulse) is directly guided into a nonlinear crystal and overlaps with two auxiliary pulses coming from different directions. The auxiliary pulses are strongly chirped and do not need to be well characterized. Typically, they are strongly chirped replicas of the same parent pulse. Their purpose is to provide two approximately monochromatic sum-or difference-frequency-mixing interactions with the short unknown pulse. Sum-frequency generation is used for the analysis of visible pulses, and difference-frequency generation is used for UV pulses. By one's changing the delay between the auxiliary pulses, the unknown pulse is mixed with two different frequency components, and two spectrally sheared replicas at center frequencies 0 and 0 + ⍀ are generated. They propagate into two differing directions given by the conservation of momentum and are recombined with a delay to interfere in a spectrograph. This small delay introduces a nominal fringe spacing that simplifies the data evaluation. The resulting interferogram encodes the phase differences between pairs of sheared frequencies in the fringe spacing. 12 The complete spectral phase of the unknown pulse is directly evaluated with a simple Fourier transform and filtering technique 28 also used with conventional SPIDER. 13 Together with the measured fundamental spectrum, the temporal amplitude and phase of the unknown pulse are fully reconstructed. The only temporal properties of the pulses that are not determined are the time of arrival and the carrierenvelope phase. If necessary, both can be measured independently. 29, 30 For the evaluation of the interferogram, the precise values of and ⍀ are needed. Their determination is discussed in Section 5.
Beyond the essential benefit of an in situ characterization, ZAP-SPIDER has some further advantages over the conventional SPIDER. Because the unknown pulse does not need to be manipulated in any way, no broadband optical components (i.e., beam splitters or polarization rotation elements) are needed. Furthermore, there is no inherent dependency between important experimental settings like the connection between the delay and the shear in the conventional SPIDER. In that the full energy of the unknown pulse is available for the characterization, ZAP-SPIDER is highly sensitive and capable of characterizing pulses in the nanojoule regime without special detector electronics.
The characterization of ultrashort pulses by cross correlation or cross FROG requires reference pulses that are comparable in length or shorter than the unknown pulses. At the 10 fs level, and particularly for amplified laser systems, such pulses are not easily available, and their characterization is elaborate in itself. For a SPIDER measurement the spectral shear of the two frequencyshifted pulses should only be less than a tenth of the spectral width of the unknown pulse. Therefore moderately short auxiliary pulses like the output of the Ti:sapphire amplifier are acceptable and even advantageous owing to their stability and ease of handling.
DESIGNING THE ZAP-SPIDER APPARATUS
The key parameters of pulses in a spectroscopic experiment are the spectral distribution and the pulse duration. The important parameters to consider when designing a ZAP-SPIDER setup are the type of nonlinear interaction, the amount of chirp to introduce to the auxiliary pulses, and the magnitude of the shear ⍀ and the delay . A detailed discussion about reasonable values for ⍀ and is presented by Iaconis and Walmsley in Ref. 13 .
First, we discuss a suitable choice of the auxiliary pulses. The wavelength combination of unknown and auxiliary pulses should be suitable to generate the sum or difference frequency in a readily available nonlinear crystal. Generally, if both are feasible, sum-frequency generation typically leads to somewhat higher signal intensities, but difference-frequency mixing may provide a broader acceptance bandwidth. The crystal needs to be thin enough to support the necessary mixing bandwidth (consider a quasi-monochromatic auxiliary pulse) and also should not introduce an internal pulse lengthening due to its dispersion. For an approximately monochromatic interaction, the instantaneous frequency of the auxiliary pulses should not change significantly during the interaction with the short unknown pulse. Depending on the spectral width, the auxiliary pulses therefore should be chirped to be considerably longer than the typical duration of the unknown pulse. The spectral shear ⍀ should be about 1 / 20 to 1 / 10 times the bandwidth of the unknown pulse, 13 and the auxiliary pulses should have the bandwidth to provide this shear. The necessary delay between the two auxiliary pulses is then given by their chirp. For a most effective nonlinear mixing, the intensity of the unknown and the auxiliary pulses during the two short interactions should be roughly equal. This means that the total energy of the chirped auxiliary pulses usually is much higher than the energy of the unknown pulse. However, the intensity of the auxiliary pulses must not cause self-or cross-phase modulation in the nonlinear crystal. In a femtosecond experiment the fundamental output of a typical Ti:sapphire laser is well suited as auxiliary pulses if stretched to a few picoseconds.
The spectrograph should have a resolution sufficient to resolve a reasonable density of fringes of the order of 100 over the spectral width of the signal. For short femtosecond pulses the corresponding delay has then the order of a few picoseconds. In contrast to the conventional SPI-DER, there is no direct connection between ⍀ and . This is advantageous in that can simply be adjusted for experimental needs independent of all other settings. After the nonlinear crystal, the setup has to be interferometrically stable. ZAP-SPIDER is especially sensitive to rela- tive changes in the optical path length between the two frequency-shifted replicas from the crystal up to the spectrograph. We find that a stable and robust construction of the mechanics is sufficient. Figure 2 shows the experimental setup of our ZAP-SPIDER realization for tunable visible and UV pulses. A noncollinear optical parametric amplifier (NOPA) pumped by a 1 kHz Ti:sapphire amplifier (CPA-2001, Clark-MXR) is used as the source for tunable ultrashort pulses in the visible.
EXPERIMENTAL SETUP
31,2 The output is compressed by a fused-silica prism sequence with a deformable end mirror. 20 For some of the experiments the second harmonic of the NOPA output is generated in a 50 m thick beta-barium borate (BBO) crystal. When intense visible pulses are being characterized, they are reflected off an uncoated fusedsilica surface for attenuation. Typical pulse energies in the ZAP-SPIDER vary from 10 to some 100 nJ.
The NOPA output or its second harmonic is focused with a spherical mirror ͑f = 100 mm͒ into the ZAP-SPIDER crystal. In the case of visible NOPA pulses, we adjust the crystal for sum-frequency mixing and, in the case of UV pulses, for difference-frequency mixing. About 20 J from the output of the Ti:sapphire amplifier is taken to generate the auxiliary pulses (dotted lines). The spectrum is centered at 775 nm and has a width of 3.5 THz. The pulses are stretched from the nearly transformlimited 150 fs duration to about 2 ps by being passed five times through a highly dispersive glass block (70 mm of SF57). The glass block has an antireflection coating to minimize losses. An optical delay ⌬t corresponding to ϳ5 m is needed to account for the group delay of the unknown pulse due to the beam path in the NOPA and the prism compressor. A R = 40% beam splitter (BS) and single-stack dielectric mirrors are used to generate two parallel but spatially separated beams of auxiliary pulses. The delay between them should be adjustable and determinable with fairly high precision (ϳ1 % -3% of the auxiliary pulse duration, i.e., some micrometers in our case). The reason is that the resulting spectral shear will be deduced from this delay by using a calibrated chirp measurement (see calibration section below). We use a highprecision motorized linear stage, but a precision micrometer screw combined with a strain gauge might be less expensive and just as convenient. A lens ͑f = 250 mm͒ focuses the auxiliary pulses into the BBO crystal from slightly above (1.5°) the standard beam height and with a small angle of about 3°between them (for a three-dimensional illustration, see Fig. 2 of Ref. 23 ). The focus diameter of the auxiliary pulses is slightly bigger than that of the unknown pulses to ensure the frequency conversion of the whole spatial profile. One chooses the angle between the auxiliary pulses to be as small as possible while avoiding an immediate spatial interference between the frequency-converted beams. The thicknesses of the BBO crystal are 25 m when one characterizes visible pulses in the 10 fs regime and 62 m when one characterizes sub-20 fs UV pulses. We use type-I sum-frequency generation in the visible and type-I difference-frequency mixing when characterizing UV pulses. In that the polarization of UV light is usually perpendicular to that of the visible light, no polarization rotation is needed when one switches from visible to UV measurements.
After the crystal, the two sheared replicas propagate in two different directions and can be separated from the auxiliary pulses and the unknown pulse. We avoid explicit spectral filters and rely on spatial filtering only, because a spectral filtering is, anyway, provided by the spectrograph. An important topic with ZAP-SPIDER is to avoid large dispersion differences between the two beam paths up to the spectrograph. Although the calibration procedure described below compensates for dispersion differences, we exclusively apply reflective aluminum-coated optics between the crystal and the spectrograph. The two signal beams are reflected from a split mirror to impose a small time delay to one of them. The mechanics for should be particularly stable but does not need to have a readable scale. To interferometrically recombine the beams, we image the common beam foci in the BBO crystal with a slightly detuned mirror telescope ͑f eff Ϸ 450 mm͒ to the entrance slit of a flat-field spectrograph (Spectrapro 500i, Acton Research Corp. 32 ). The telescope can be adjusted to fine tune the position of the focus to adapt to different signal beam divergences. The slit width ͑ϳ5-20 m͒ is adjusted to be smaller than the focus diameter. The diffraction leads to a widening of the beams and generates an interference pattern at the focal plane of the spectrograph despite the angle between the incoming beams. The interferogram is recorded at 10 Hz with a 1024 pixel CCD camera (S7030, Hamamatsu Corp. 32 ) and evaluated in real time with a LabVIEW code following the algorithm presented in Ref. 13 . Figure 3 shows typical pairs of sheared spectra and the corresponding ZAP-SPIDER interferograms for visible and UV pulses. The fringe contrast is well above 50%, and the fringe spacing can be evaluated without any ambiguity and with high precision.
CALIBRATION
As an interferometric technique, the ZAP-SPIDER apparatus has to be carefully calibrated. First, the wavelength scale of the spectrograph needs to be precisely calibrated. This can easily be done with the help of atomic lines. To evaluate the spectral phase from an experimental interferogram, one must know the spectral shear ⍀ and the delay . As discussed in Ref. 13 , an error in ⍀ directly appears as a global factor in the spectral phase. Although the corresponding error to the pulse shape is not easily derived, we estimated for typical examples (first-and second-order chirp and combinations) that the evaluated pulse length is erroneous by about the same factor. Thus, to be sure to determine the pulse length accurate to some percent, one should also determine the shear that precisely. Note that the precise determination of ⍀, for instance, is irrelevant when one characterizes a perfectly compressed pulse with a flat spectral phase. Equidistant fringes will be observed, and optimizing the compression of a pulse is thus possible even without knowing ⍀.
The spectral shear is given by the delay between the two auxiliary pulses and their chirp. Therefore a measurement of the chirp is sufficient, provided that the mechanical (i.e., time) delay can be determined with appropriate precision. A possible approach is to record the spectral interference between a stretched replica and an unchanged replica. Provided that the spectrograph is suitable for resolving a strongly varying interference pattern in the limited bandwidth of the auxiliary pulses, the chirp difference can be directly evaluated with the SPI-DER algorithm. Typically, this type of trace agrees precisely with the theoretical spectral phase of the glass block calculated from the known Sellmeier equations. Drawbacks are that a modified interference setup is needed and that the input pulse has to be transform limited before stretching.
A more convenient technique is to directly record the needed dependence, i.e., the spectral shift versus the delay between the auxiliary pulses. This can be readily done using the existing ZAP-SPIDER setup. The fixed one of the auxiliary pulses is blocked, and the frequency-shifted spectrum of the unknown pulse is recorded as a function of the delay of the auxiliary pulse with variable delay. The crystal angle should be continuously adjusted for maximum signal intensity during this procedure to avoid a systematic error due to its limited spectral bandwidth. By plotting the center of these spectra versus the delay and applying a linear fit, we extract the first-order chirp as a spectral shift versus the delay, which is the needed curve (see Fig. 4) . A reproducible structure in the spectrum helps in precisely determining the spectral shifts. For a broad and smooth spectrum of the unknown pulse, spectral narrowing might be helpful.
Finally, the mechanical position of zero delay, i.e., ⍀ = 0, is determined from a cross-correlation trace between the auxiliary pulses that can be measured without change in alignment of the beams. In that the two auxiliary pulses are replicas, the cross correlation is a symmetric trace, and the center, i.e., zero delay, can be determined to high precision. We achieve an error of less than 1%, which corresponds to an error in the shear of 0.03 THz. This does not contribute significantly to the overall accuracy of the pulse measurement.
For the presented experimental setup, the calibration of the shear and the determination of zero delay was repeated five times over a period of some weeks. The determined values show only minor deviations from the mean (about 2% rms), and the shear averages to 1.95 THz/ ps. This value also compares excellently with the calculated chirp introduced by the 350 mm of SF57 glass ͑1.94 THz/ ps͒.
The determination of the delay is more critical because in SPIDER and ZAP-SPIDER the information on the spectral phase of the unknown pulse is solely encoded in the fringe spacing. For two identical pulses separated by , the spacing is 1 / and does not vary within the interferogram. The deviation from this nominal fringe spacing for the sheared pulses renders the spectral phase of the unknown pulse. An error in the determination of cannot be distinguished from a first-order chirp of the unknown pulse. Furthermore, it is well known that an error in the spectrometer calibration leads to a systematic error in the evaluated data. 33 In addition, a dispersion difference between the two beams in their path from the crystal to the spectrograph would also be mistaken as a spectral phase of the unknown pulse. Fortunately, the procedure to remove all of these possible error sources on the fringe spacing is straightforward with the ZAP-SPIDER. By one's tuning the shear ⍀ to zero (see above), two spectrally shifted, but not sheared, replicas of the unknown pulse are generated. They interfere through exactly the same beam path as when being measured and can be recorded without one's changing the center wavelength of the spectrometer or making any other adjustment. The resulting interferogram can display a slightly varying fringe spacing due to the above-mentioned error sources. The extracted reference phase of the setup is saved and later subtracted during the data evaluation. 13 The final temporal intensity and phase are reconstructed from the spectral phase as measured with ZAP-SPIDER and the pulse spectrum. In that the spectra of extremely short pulses are considerably broad, the question arises from where at best to obtain this spectrum. In principle, the fundamental spectral intensity could be derived from the spectral intensity of the SPIDER interferogram. 34 This procedure involves a calibration of the spectral sensitivity of the whole setup including the nonlinear mixing and the reflectivity of all mirrors after the ZAP-SPIDER crystal. A more direct method is to measure the spectrum just before or directly at the focus in the ZAP-SPIDER with an externally calibrated fibercoupled miniature spectrometer (e.g., USB2000, Ocean Optics, Inc. 32 ). This avoids the need for calibrating the sensitivity of the high-resolution spectrograph and yields the fundamental spectrum at the point of experimental interaction. When the numerical Fourier transformation is performed to get the temporal amplitude and phase from the spectrum and spectral phase, a correct mapping of the spectral intensity I͑͒ to I͑͒ is required, and also any noise in the spectrum outside the interesting spectral range should be set to zero.
DAY-TO-DAY OPERATION AND USE
Once the ZAP-SPIDER has been built properly and all the fundamental calibrations have been performed, it can be used to characterize pulses in a wide wavelength and duration range. After the adjustment of the pulse source, a number of steps have to be taken in the day-to-day operation.
To find the ZAP-SPIDER signal, we first estimate the necessary tilt of the crystal from the cut angle and by observing the angle for frequency doubling the auxiliary and the unknown pulses, if possible. The correct tilt angle for sum-or difference-frequency mixing can then be interpolated from these values. Usually a rough interpolation to ±1°is enough with a thin crystal. The spatial overlap is easily found with the help of an alignment microscope (25X portable measuring microscope, Edmund Industrial Optics 32 ), and the temporal overlap between the unknown and the auxiliary pulses can be measured to ±100 ps with a fast photodiode and an oscilloscope. Finally, when the delay is fine tuned (⌬t in Fig. 2) , the signal is visible with the naked eye or with the help of a CCD camera in the case of weak unknown pulses ͑Ͻ30 nJ͒. Owing to the 2 ps length of the chirped auxiliary pulses, the temporal overlap is comparatively insensitive. The two frequencyshifted beams are imaged to a common focus at the entrance slit of the spectrograph. By one's adjusting the slit width, typically a contrast of 50% can be achieved while not losing too much signal intensity.
The calibration procedure linking the shear ⍀ to a readable mechanical delay (see above) needs to be performed only once, provided that the original chirp of the auxiliary pulses does not change significantly from day to day. The calibration of should be repeated before every precision measurement. The shear is tuned to zero, and the phase difference as evaluated with the SPIDER algorithm is saved as a reference. Without one's changing any other setting, the shear is tuned back to a reasonable value (about 1 / 20 to 1 / 10 of the spectral width). The ZAP-SPIDER apparatus is then ready for an online or singleshot analysis. . The ZAP-SPIDER measurement yields unambiguous information about the intensity and timing of satellite pulses. Depending on the sign of the second-order chirp, strong prepulses or afterpulses are found. These would be detrimental for many spectroscopic applications despite their comparatively small influence on the effective pulse length. The online measurement of the full spectral phase can be directly used to optimize the compensation of the second-and higher-order chirps and thereby the pulse shape [see Fig. 5(g) ]. This would not be possible with a less revealing characterization scheme like an autocorrelation trace.
COMPARISON WITH A DISPERSION-FREE AUTOCORRELATION MEASUREMENT
When a new method of pulse characterization is introduced, a comparison with an independent and different type of measurement is required. With extremely short pulses, a difficulty is to ensure that both schemes incorporate the same dispersion (at best zero) to characterize the same pulse. We use a dispersion-free noncollinear autocorrelation setup as described in detail in Ref. 35 . Briefly, the unknown pulse is spatially separated into a left part and a right part by reflection off a split mirror. The spatial homogeneity of the beam is checked by one's measuring the spectrum at various spots in the beam with a fiber-coupled spectrometer. One of the parts is delayed with a piezoceramic translator. The two beams are focused into a 25 m thick type-I BBO crystal with a small angle, and the sum-frequency signal is detected in dependence on the delay. The autocorrelator setup is interferometrically calibrated under measurement conditions with a He-Ne laser. In that even the dispersion of air has to be considered with extremely short pulses, we ensure a comparable path length from the NOPA to the effective interaction points of the ZAP-SPIDER setup and the autocorrelator. Figure 6 (a) shows the temporal intensity and phase of a NOPA pulse at 600 nm as characterized with ZAP-SPIDER. The pulse duration of 10.0 fs is within 10% of the Fourier limit. The small satellite pulses are due to the slightly flat-top spectrum. An autocorrelation trace computed from the measured pulse shape [ Fig. 6(b) , solid curve] is compared with the experimental autocorrelation data (dotted curve). The two traces agree precisely, and also the effect of the weak satellites is correctly reproduced.
We also validate the ZAP-SPIDER technique for more structured pulses. In a second experiment we generate a structured series of pulses at 550 nm by inserting a few dispersive components into the NOPA beam path and compressing only the first-order chirp with a prism sequence. The remaining second-order chirp manifests itself as a third-order spectral phase and yields a typical afterpulse structure [see Fig. 6(c) ]. The duration (full width at half-maximum) of the main pulse is 22 fs and far off the Fourier limit of 14 fs. Again the calculated autocorrelation trace corresponds well to the independently measured data [see Fig. 6(d) ]. The autocorrelation trace would, however, not allow the distinction between the series of pulses found from the ZAP-SPIDER analysis and a non-Gaussian but monotonically decreasing temporal pulse shape.
OPERATION IN THE ULTRAVIOLET
To characterize UV pulses, we adapt the ZAP-SPIDER to type-I difference-frequency mixing. Short UV pulses are generated as the second harmonic of the NOPA output, and the polarization of the UV is therefore perpendicular to the visible and to the auxiliary pulses. No component has to be exchanged in the ZAP-SPIDER setup, and only the crystal tilt needs to be adjusted for type-I differencefrequency phase matching. The sheared ZAP-SPIDER signal beams are generated in the visible, and the grating in the spectrograph has to be changed accordingly. The auxiliary pulses do not change, and therefore the calibration of the shear does not need to be repeated. However, as with any change of the spectrograph settings or other geometrical adjustment, the calibration of the reference phase must be repeated. Figure 7(a) shows the spectrum and the measured spectral phase of a UV pulse at 292 nm generated from the NOPA output in a 50 m thick BBO crystal. As little as 10 nJ pulse energy in the UV is sufficient for a precise characterization if we increase the ZAP-SPIDER crystal thickness to 62 m. In that no adaptive compression is applied in this experiment, the pulses have a small residual second-order chirp that corresponds to a thirdorder spectral phase [see Fig. 7(a) ]. The temporal intensity and phase are shown in Fig. 7(b) . The pulse duration of 18.7 fs is within 20% of the Fourier limit. Even shorter UV pulses with a duration of 7 fs were recently generated by achromatic phase matching and characterized with ZAP-SPIDER, using a 25 m BBO difference-frequencymixing crystal [see Figs. 7(c) and 7(d)]. 
CONSISTENCY CHECKS
If all calibration steps have been performed carefully, the pulse characterization with ZAP-SPIDER is reliable and reproducible. Nevertheless, there are convenient methods to check the consistency of the measurement. First, one can check the calibration of ⍀ by placing an element of well-known dispersion, for example, a piece of glass, in the path of the unknown pulse. A differential measurement of the spectral phases with and without the element should reproduce the material dispersion to a high precision. Figure 8(a) shows the theoretical and measured phase differences with a 3.18 mm fused-silica plate inserted into a beam around 300 nm. The traces agree precisely over the complete spectral width of the pulse. A differential phase measurement is also convenient to check that the sign of the spectral phase is kept correctly throughout the inversion algorithm.
Second, the measured spectral phase should be similar for different settings of the shear ⍀, although it may get less precise with too small or too big values. In particular, measuring with a negative shear and the corresponding positive shear yields the same result only if the spectrometer error is well compensated [see Fig. 8(b) ]. If, for instance, the acquisition of the reference phase for zero shear is incorrect, a residual spectrometer error manifests itself as an additive term to the total spectral phase and can thus be identified.
DISCUSSION
ZAP-SPIDER is a self-referencing technique that allows one to characterize ultrashort pulses over an extremely wide wavelength region directly at the interaction point of a spectroscopic experiment. As an extension of SPIDER, it retains the advantages of that principle. Especially for extremely short pulses, the natural robustness of an interferometric pulse characterization to bandwidth effects is essential. 15 Comparably thick nonlinear crystals are still applicable in that the spectral phase can be evaluated wherever the fringes are resolvable. In contrast to FROG, there is no need to calibrate the spectral sensivity of the setup, the detector, and the efficiency of the nonlinear interaction. The possibility of measuring the spectral phase directly and at video update rates would be convenient for checking and optimizing the compression of a laser system.
An essential improvement of ZAP-SPIDER is the possibility of characterizing short pulses directly at an existing focus in the beam. This is an important requisite to perform spectroscopic experiments with extremely short pulses. Second, ZAP-SPIDER is well suited for an extremely wide wavelength region also including the UV region, which is of particular interest to molecular spectroscopy, chemical dynamics, and attosecond pulse generation. For the first time, to our knowledge, a selfreferencing interferometric characterization of UV pulses is possible with ZAP-SPIDER. Some further advantages result from the in situ nature of ZAP-SPIDER. Even without exceptionally sensitive detector electronics, the presented ZAP-SPIDER setup is as sensitive as a modified SPIDER optimized for that purpose. 36 In the ZAP-SPIDER setup, most of the components associated with the characterization are needed only for the auxiliary pulses, and no special optics is required for the short and broadband unknown pulse. Especially the need for broadband and thin beam splitters is avoided naturally. Besides the spectrograph and the nonlinear crystal, a ZAP-SPIDER setup can be built with standard components even when extreme pulses are to be characterized.
The presented consistency checks ensure the correctness of the whole experimental setup, including the calibration. The precision and consistency criteria developed for the data-inversion algorithm of SPIDER 37 can also be applied to ZAP-SPIDER data. In contrast to the conventional SPIDER, there is no inherent connection between important experimental settings. The interferometric calibration of ZAP-SPIDER is essential but can be performed without much difficulty. The excellent agreement of the ZAP-SPIDER measurements to the independently measured autocorrelation traces demonstrate that ZAP-SPIDER is correctly and reliably working for ultrashort pulses in the 10 fs regime.
Some details are associated with the noncollinear geometry of ZAP-SPIDER in connection with extremely short pulses and their particularly broadband spectra. Generally, when frequency-mixing broadband pulses in a nonlinear geometry, at least one of the pulses has an angular dispersion and therefore a pulse front tilt. 38 The angle between the two auxiliary pulses, although small, is an essential feature of ZAP-SPIDER. Assuming a nontilted unknown pulse, the two frequency-shifted ZAP- SPIDER signal pulses have a spatial chirp, regardless of using sum-or difference-frequency generation. When extremely broadband UV pulses are characterized, this effect can indeed be perceived in the experimental setup as a slight spatial chirp of the visible frequency-shifted beams. Nevertheless, the evaluated spectral phase is not affected. If the focus in the ZAP-SPIDER crystal is correctly imaged to the entrance slit of the spectrograph, all optical pathways are equal, and all frequency components travel the same path length even in the case of a spatial chirp. Furthermore, an uncompensated phase difference between the two beams would be corrected with the calibration procedure for the reference phase as described above. In the experiment we did not observe different results when changing the noncollinear angle from 80% to 150% of the typical value.
ZAP-SPIDER is well suited to characterize rather complex pulse shapes [see Fig. 6(c) ], provided that the following considerations are accounted for. The duration of the chirped auxiliary pulses needs to be long enough to ensure a quasi-monochromatic interaction during the whole duration of the shaped pulse. A general restriction with the SPIDER technique is that no information is obtained about the relative phase between parts of a spectrum that are not connected, i.e., the relative phase in a two-color double pulse. This is due to the intrinsic nature of SPI-DER, i.e., the fact that phase differences are measured. However, the two separate spectral phases may be linked if a shear can be applied that shifts the two spectra strongly enough to overlap. 39 Because in ZAP-SPIDER the spectral shear can be tuned independently of the other experimental settings, the additional measurements can be performed conveniently.
In a typical time-resolved spectroscopic experiment, two or more pulses with usually different center wavelengths are overlapped at a common focus. With an optimized noncollinear geometry, ZAP-SPIDER is suitable to characterize both pulses by adjusting only the crystal angle and the polarization of the auxiliary pulses, if necessary. The essential noncollinear geometry of ZAP-SPIDER might also be exploited to extend the bandwidth of the nonlinear mixing process beyond the collinear phase-matching limit.
CONCLUSIONS
The ZAP-SPIDER technique allows one to fully characterize ultrashort optical pulses from the near infrared to the UV directly at the interaction point of a spectroscopic experiment. The scheme is highly sensitive, accurate, and easily calibrated. Several types of consistency check can be performed to confirm the correctness of a measurement. ZAP-SPIDER is suitable to fully characterize the shortest light pulses available today, which will push forward their application to spectroscopic experiments.
